1.. Introduction {#s1}
================

The 24 h cycle of light and dark caused by the rotation of the Earth produces dramatic but predictable changes in the light environment. Instead of passively responding to these changes, organisms have evolved an endogenous representation of the 24 h day---a circadian timing system. These circadian clocks set the time or phase at which physiological and behavioural events occur with respect to the external 24 h environmental cycle. In this way, change can be anticipated, and physiology is optimized to the varying demands of night and day. This allows the organism to exploit the changed conditions as soon as they take place; avoiding the time lost in physiological and behavioural adjustments. However, the circadian system will only provide a selective advantage if biological time remains synchronized (entrained) to environmental time. Thus, the circadian oscillator requires a daily synchronization with the external environment via time cues termed zeitgebers (time givers) ([@RSTB20090050C4]; [@RSTB20090050C99]). The systematic daily change in the gross amount of environmental light (irradiance) at dawn or dusk provides the primary indicator of the time of day. As a result, most organisms have evolved to use the twilight transition as their main zeitgeber to adjust circadian time to local time. This process is termed photoentrainment ([@RSTB20090050C105]).

The study of the photoreceptors mediating irradiance-detection tasks such as photoentrainment has led to the identification of a range of vertebrate opsins, and perhaps most remarkably, the identification of a novel photoreceptor system within the mammalian retina, a subset of retinal ganglion cells (RGCs) that express the photopigment melanopsin (*Opn4*). In this review, we will consider the range of vertebrate photoreceptors and their opsin photopigments and then provide an overview of the melanopsin/photosensitive retinal ganglion cell (pRGC) system in detail. Finally, we will discuss the molecular evolution of the opsin photopigments and consider the different selective pressures acting upon visual pigments and non-image-forming photopigments in general.

2.. Vertebrate photoreceptors {#s2}
=============================

In mammals, both visual and non-visual photoreception is ocular, and enucleation abolishes all responses to light ([@RSTB20090050C83]; [@RSTB20090050C30]). By contrast, non-mammalian vertebrates possess a wide range of photoreceptive sites, including the pineal complex, deep-brain photoreceptors and dermal photoreceptors ([@RSTB20090050C112]). As well as being anatomically diverse ([figure 1](#RSTB20090050F1){ref-type="fig"}), these photoreceptors mediate many different aspects of physiology and behaviour. Identifying the extraretinal opsin photopigments that underlie these responses in non-mammalian photoreceptors has a long and fairly complex history. Many immunocytochemical studies were undertaken on these tissues, using a wide range of antibodies raised to different retinal or visual pigment preparations ([@RSTB20090050C112]). However, as the epitopes/specificities of many of these antibodies were not known, it was difficult to make any definitive conclusions regarding the molecular identity of the molecules labelled. The ambiguous terms 'rod-like' or 'cone-like' were frequently used to describe such immunolabelling. The molecular characterization of the extraretinal photopigments became further blurred with the discovery of multiple new opsin families, quite different from the rod and cone opsins. Parallel studies on mammals also produced results that were initially difficult to interpret. Although it was clear that mammals lack extraocular photoreceptors ([@RSTB20090050C83]; [@RSTB20090050C30]), mice lacking rod and cone photoreceptors could still regulate multiple physiological responses to light ([@RSTB20090050C32]; [@RSTB20090050C61]). Further, these responses were clearly being mediated by an opsin/vitamin A-based photopigment system ([@RSTB20090050C62]). Yet until recently the molecular identity of this photoreceptor system remained unknown. In the past decade much new information has emerged regarding the location and function of the vertebrate non-rod, non-cone photoreceptor systems. Here in §2, we take the opportunity to summarize some of these findings, and in §3 we discuss the photopigment biochemistry in detail.

![Photoreceptive sites in the vertebrates. As well as the classical photoreceptors within the retina of the lateral eye, direct photoreception in the isolated iris has also been described. In non-mammalian species the pineal complex also contains photoreceptors, and deep brain photoreceptors may also occur. Dermal photoreception has been described in amphibians and fish. Finally, in the zebrafish peripheral tissues have been shown to be able to entrain their molecular oscillators directly to light. See text for further details.](rstb20090050f01){#RSTB20090050F1}

(a). Lateral eyes {#s2a}
-----------------

The lateral eyes are the most familiar photoreceptive site in vertebrates. The classical photoreceptors of the vertebrate retina consist of the rods and cones. Rods mediate scotopic (dim light) vision, providing low-resolution but high sensitivity, whereas cones are involved in photopic (bright light) vision, and enable high-resolution colour vision/contrast detection. Rod and cone light detection is characterized by rapid and transient electrical responses. The graded potentials from these receptors are processed by inner retinal neurons prior to advanced visual processing in the brain. Light information reaches the visual centres of the brain via topographically mapped axons of the RGCs that form the optic nerve ([@RSTB20090050C104]). But in addition to the 'classical' photoreceptors of the outer retina, other retinal cells are now also known to be capable of responding to light. A subset of RGCs (approx. 1% in the mouse) expresses the photopigment melanopsin (*Opn4*; [@RSTB20090050C42]) and are capable of responding to light directly ([@RSTB20090050C13]; [@RSTB20090050C108]). The identification of these pRGCs is discussed in more detail in §4.

In addition to melanopsin-based pRGCs, the teleost retina (and perhaps other non-mammalian retinae) possesses photosensitive horizontal cells. In the cyprinid retina of the roach (*Rutilus rutilus*), a subtype of the horizontal cell, termed HC-RSD, expresses both melanopsin and vertebrate ancient (VA) opsin and shows depolarizing responses to light that are maximally sensitive to approximately 477 nm. These cells have longer integration times than rods or cones and maintain their responses when classical photoreceptor inputs are saturated by background light ([@RSTB20090050C48]). These cells may signal environmental irradiance as well as modulating rod and cone outputs.

(b). Pineal {#s2b}
-----------

Perhaps the best known photoreceptive site outside the retina is the pineal organ (*epiphysis cerebri*). Here we will use the term pineal complex to refer to the intracranial pineal proper as well as the parapineal and the extracranial 'third' eyes found in tuatara (*Sphenadon punctatus*, Rhynchocephalia), some lizards (Squamata) and frogs (Anura). The intracranial parapineal organ only occurs in some species of fish, and remarkably little is known about the physiological functions of this enigmatic organ ([@RSTB20090050C127]; [@RSTB20090050C112]). The extracranial third eyes can be further subdivided into the frontal organs (or *Stirnorgan*) of anuran amphibians and the parietal eyes found in lizards. The parietal eye shows remarkably structural similarity to the lateral eyes, with a transparent cornea and lens ([@RSTB20090050C112]).

Embryologically, the pineal complex is derived from an evagination of the dorsal diencephalon, similar to the retina, and in non-mammalian vertebrates is located near the surface of the brain ([@RSTB20090050C127]). In teleost and cyclostome species there is often a translucent window or area of reduced pigmentation overlying the pineal, allowing approximately 10 per cent of the incident light to reach the pineal. In amphibians, reptiles and birds, such a pineal window is less apparent or absent. Despite this, a considerable amount of light is still able to penetrate the overlying tissues, amounting to 0.1 per cent−0.3 per cent of the incident light ([@RSTB20090050C22]). In all non-mammalian vertebrates, the pineal complex is photoreceptive, and the predominant cell type is photoreceptor-like in appearance. In mammals, the pineal organ expresses many elements of the phototransduction cascade (Korf *et al*. [@RSTB20090050C56],[@RSTB20090050C57]), but lacks photosensitivity and appears exclusively secretory (Foster *et al*. [@RSTB20090050C29], [@RSTB20090050C31]). The pineal organ is the primary source of the neurohormone melatonin, which is synthesized in the dark phase of the light/dark cycle, and acts as a signal of darkness to regulate circadian rhythms and photoperiodic responses ([@RSTB20090050C2]; [@RSTB20090050C58]). Melatonin synthesis is locally regulated by light at the level of the pineal in non-mammalian vertebrates, but in mammals photic information reaches the pineal via a multisynaptic pathway via the retinohypothalamic tract (RHT) and the superior cervical ganglion of the sympathetic nervous system ([@RSTB20090050C55]; [@RSTB20090050C70]).

A range of opsins has been detected in the pineal complex of vertebrates ([@RSTB20090050C112]). One of the first extraretinal opsins to be identified, Pinopsin (P-opsin), was isolated from the avian pineal ([@RSTB20090050C86]; [@RSTB20090050C68]). In the teleost pineal, a range of rod and cone opsins along with VA-opsin are expressed ([@RSTB20090050C97]). However, it appears that the predominant opsin in the fish pineal is a rod-like opsin (exo-rhodopsin/extraretinal rod-like opsin) which differs from that found in the lateral eyes ([@RSTB20090050C67]; [@RSTB20090050C96]). Despite the lack of information about the structure and function of the parapineal organ a novel opsin photopigment, parapinopsin, has been isolated specifically from the parapineal of the channel catfish (*Ictalarus punctatus*) ([@RSTB20090050C15]) as well as from the lamprey pineal ([@RSTB20090050C59]). Most recently, studies on the parietal eye have identified the expression of two opsins within the same cell, a blue-sensitive pinopsin and a novel green-sensitive opsin named parietopsin ([@RSTB20090050C118]).

(c). Deep brain {#s2c}
---------------

Deep-brain photoreceptors were first described following studies by Karl von Frisch in 1911 on blinded and pinealectomized European minnows (*Phoxinus phoxinus*). These fish still demonstrated colour changes in response to light, leading to the suggestion of 'deep-diencephalic photoreceptors' ([@RSTB20090050C128]). Similarly, studies in blinded pinealectomized European eels (*Anguilla anguilla*) by [@RSTB20090050C124] showed that deep-brain photoreceptors mediate photoentrainment as well as negative phototaxis. The photoperiodic response in birds, whereby gonadal growth is regulated by day length, is also mediated by a deep-brain photoreceptor rather than by the pineal complex or lateral eyes ([@RSTB20090050C12]). Action spectroscopy provided a clue as to the molecular identity of these photoreceptors. An absorption corrected action spectrum for photoperiodic induction in the Japanese quail described an opsin/vitamin A-based photopigment with a *λ*~max~ at 492 nm. A recent reanalysis of the original data suggests that the *λ*~max~ may be closer to 483 nm (S. N. Peirson & R. G. Foster 2008, unpublished data). Although this action spectrum inferred the biochemistry of the photopigment, the precise molecular identity still remains unresolved. Attempts to characterize these photoreceptors have involved the use of immunocytochemical techniques employing antibodies raised against rod and cone photopigment opsins or other elements of the phototransduction cascade. Such approaches either failed to localize opsins within the avian hypothalamus or produced ambiguous results owing to the use of unknown epitopes ([@RSTB20090050C114]).

(d). Iris {#s2d}
---------

Light striking the isolated iris has been reported to produce rapid sphincter pupillae constriction in several non-mammalian species of vertebrate. For example, an opsin/vitamin A type action spectrum has been described from the isolated frog iris ([@RSTB20090050C7]) and eel iris ([@RSTB20090050C111]). In the isolated chick iris, there are marked and rapid responses to light ([@RSTB20090050C123]). In some mammalian species, there have also been reports of an extremely gradual pupil constriction (occurring over at least 20 s to very bright stimuli) that survives both isolation of the iris from the eye and application of atropine ([@RSTB20090050C14]; [@RSTB20090050C60]). In all cases, a definitive photopigment characterization for iris photosensitivity is lacking, although in *Xenopus laevis* melanopsin has been implicated ([@RSTB20090050C101]).

(e). Dermal {#s2e}
-----------

Photoreception by dermal cells mediates colour changes in chromatophores and iridophores. Dermal photoreception has also been linked to the triggering of locomotor activity ([@RSTB20090050C132]; [@RSTB20090050C112]). Dermal chromatophores are photosensitive in many vertebrates, regulating the aggregation and dispersal of pigment granules within these cells ([@RSTB20090050C129]). Melanopsin, the photopigment of retinal pRGCs, was first isolated from *Xenopus laevis* melanophores ([@RSTB20090050C101]) and appears to be the photopigment mediating the pigment dispersal responses within dermal melanophores ([@RSTB20090050C47]).

(f). Tissue photoreception {#s2f}
--------------------------

Perhaps the most surprising result in recent years has been the discovery that the circadian clocks located within the peripheral organs (such as the heart and kidney) of zebrafish can be entrained to light after being isolated and maintained *in vitro* ([@RSTB20090050C131]). The photopigment(s) mediating these responses remain poorly understood, although the widespread expression pattern of teleost multiple tissue (TMT) opsin (see below) makes this opsin a strong candidate.

3.. Opsin photopigments {#s3}
=======================

All vertebrate photoreceptors identified to date use an opsin/vitamin A-based photopigment. These photopigments consist of an opsin protein bound to a vitamin-A chromophore. In most terrestrial and marine vertebrates, this chromophore is 11-*cis*-retinaldehyde (A~1~), while in many freshwater vertebrates the chromophore is based upon 11-*cis*-3-dehydroretinal (A~2~) ([@RSTB20090050C52]). The first stage of light detection involves the absorption of a photon by the retinal chromophore and the photoisomerization of this molecule to the all-*trans* state ([figure 2](#RSTB20090050F2){ref-type="fig"}*a*). The conformational change of the chromophore allows the opsin to interact with a G-protein (transducin) and triggers the phototransduction cascade, ultimately giving rise to a change in receptor membrane potential ([@RSTB20090050C40]; [@RSTB20090050C85]; [@RSTB20090050C95]; [@RSTB20090050C113]). All vitamin A-based photopigments have a characteristic absorption spectrum. This means that although the maximal sensitivity (*λ*~max~) of the pigment may vary widely across the visible spectrum (ultraviolet at 360 nm to deep red at 620 nm), all these pigments have the same characteristic shape, a bell-shaped curve ([figure 2](#RSTB20090050F2){ref-type="fig"}*b*) ([@RSTB20090050C21]).

![Structure and function of vertebrate photopigments. Vertebrate photopigments consist of an isomer of vitamin A, retinaldehyde, bound to an opsin protein. (*a*) The primary step in phototransduction is the absorption of a photon of light (*hv*) by the 11-*cis* isomer of retinal resulting in isomerization to the all-*trans* form. (*b*) All vitamin A/opsin-based photopigments have a characteristic absorption spectrum which can be used as a 'spectral fingerprint' to determine the photopigment mediating a given biological response. (*c*) Opsins consist of a single polypeptide chain forming seven α-helical transmembrane regions connected by cytoplasmic and extracellular loops. The intracellular domains mediate G-protein interactions. The retinal binding site (K) is indicated in the 7th transmembrane domain. Structure based on that of [@RSTB20090050C87].](rstb20090050f02){#RSTB20090050F2}

Opsins are members of the superfamily of G-protein-coupled receptors (GPCR) which function through the activation of a guanine nucleotide binding protein (G-protein) and an effector enzyme. All opsins consist of a single polypeptide chain of 340--500 amino acids that form seven α-helical transmembrane regions connected by cytoplasmic and extracellular loops ([figure 2](#RSTB20090050F2){ref-type="fig"}*c*). These seven α-helices form a bundle within the membrane, creating a hollow cavity on the extracellular side that serves as a binding site for the chromophore, retinal. There are also several other features usually present in an opsin: the retinal attachment site is a lysine residue (at position 296 numbered as in bovine rod opsin) located in the seventh transmembrane domain which binds the chromophore via a protonated Schiff base linkage; a glutamate counterion at position 113 in the third transmembrane domain; a glutamate, arginine and tyrosine (ERY, 134--136) tripeptide for G-protein interaction; and cysteines (C) at positions 110 and 187 for disulfide bridge ([@RSTB20090050C87]).

A wide range of opsins have been identified within the vertebrates, with currently 15 distinct gene families ([table 1](#RSTB20090050TB1){ref-type="table"}). These are described in detail below and a phylogenetic analysis to illustrate their molecular evolution is shown in [figure 3](#RSTB20090050F3){ref-type="fig"}.

![Phylogenetic tree showing the relationship of the various classes of vertebrate opsins. The entire amino acid sequences were aligned using ClustalW ([@RSTB20090050C44]) and the tree was generated by the neighbour joining method ([@RSTB20090050C107]) using the MEGA4 program ([@RSTB20090050C120]). Branch confidence levels (% based on 1000 bootstrap replicates) are marked. Scale bar indicates substitutions per site. The human beta 1 adrenergic receptor was used as an outgroup. The major classes of the vertebrate opsins are indicated by parentheses on the right-hand side. The analysis reveals that the exo-rod opsins are a duplication of the rod opsins and that pinopsin has arisen by a duplication of the cone opsins. To date there is only one sequence for parietopsin (see text for details). Opn3 and TMT, both expressed in multiple tissues, seem to share a common ancestor. The Opn4 sequences now quite clearly consist of two families, the mammalian-like 'm' form and the *Xenopus*-like 'x' form. Interestingly the opsin from the invertebrate squid also included in the analysis clades with the melanopsin sequences, adding credence to the argument that melanopsin is 'invertebrate'-like. Finally RGR is the least similar to the visual opsins. Accession numbers: Chicken: rod D00702; LWS M62903; MWS M92038; SWS M92037; versus M92039; RGR AY339627; peropsin AY339626; pinopsin U15762; Opn4m AY036061; Opn4x AY882944; Opn5 XM_001130743. Human: rod NM_000539; red NM_020061; green NM_000513; SWS NM_001708; RGR NM_002921; peropsin NM_006583; OPN3 NM_014322; OPN4M NM_033282; OPN5 NM_181744; beta 1 adrenergic receptor NM_000684. Zebrafish: rod NM_131084; LWS1, NM_001002443; LWS2, NM_131175; MWS1, NM_131253; MWS2, NM_182891; MWS3, NM_182892; MWS4, NM_131254; SWS1, NM_131319; SWS2, NM_131192; exo-rod, AB025312; VA1, AB035276; VA2, AY996588; TMT, AF349947; Opn4m1, AY882945; Opn4m2, AY078161. Pufferfish: exo-rod, AF201472; TMT, AF402774. Salmon VA AF001499. Roach VA AY116411. Catfish parapinopsin AF028014. Lamprey parapinopsin AB116380. Lizard parietopsin DQ100320. Toad pinopsin AF200433. Mouse Opn3 NM_010098. Cod Opn4x1 AF385823. Opn4x2 AY126448. Squid opsin, P09241.](rstb20090050f03){#RSTB20090050F3}

###### 

Vertebrate opsin subgroups. Table showing the amino acid identity (%) across the 'core' region of representatives of the various vertebrate opsin classes. The core region is defined by residues 34--306 of the bovine rod opsin model of [@RSTB20090050C87]. The chicken sequences were used where available, other species are stated below. Accession numbers: rod opsin D00702; LWS M62903; MWS M92038; SWS M92037; versus M92039; RGR AY339627; peropsin AY339626; pinopsin U15762; Opn4m AY036061; Opn4x AY882944; Opn5 XM_001130743; catfish parapinopsin AF028014; lizard parietopsin, DQ100320; zebrafish VA1 AB035276; zebrafish VA2, AY996588; pufferfish exo-rod AF201472; human OPN3 NM_014 322; pufferfish TMT AF402774. Abbreviations as follows: exo, exo-rod; per, peropsin; P, pinopsin; PP, parapinopsin; par, parietopsin.

  opsin          rod   LWS   MWS   SWS1   SWS2   RGR   per   P     PP    par   VAa   VAb   exo   Opn3   TMT   Opn4m   Opn4x   Opn5
  -------------- ----- ----- ----- ------ ------ ----- ----- ----- ----- ----- ----- ----- ----- ------ ----- ------- ------- ------
  rod opsin      ---                                                                                                          
  LWS opsin      41    ---                                                                                                    
  MWS opsin      69    42    ---                                                                                              
  SWS1 opsin     45    40    49    ---                                                                                        
  SWS2 opsin     51    41    53    50     ---                                                                                 
  RGR            28    22    21    21     23     ---                                                                          
  peropsin       27    24    23    21     24     24    ---                                                                    
  pinopsin       46    49    48    47     51     24    26    ---                                                              
  parapinopsin   40    40    40    40     41     24    28    48    ---                                                        
  parietopsin    36    35    35    30     37     23    27    42    42    ---                                                  
  VAa            38    42    40    41     43     22    27    43    43    41    ---                                            
  VAb            37    40    40    41     41     20    26    45    46    40    80    ---                                      
  exo-rod        78    42    66    46     49     27    27    48    40    35    39    36    ---                                
  Opn3           30    26    31    27     32     25    29    30    29    29    31    30    30    ---                          
  TMT            33    34    34    35     36     22    29    38    39    37    36    34    30    41     ---                   
  Opn4m          30    30    30    32     27     26    27    28    29    31    29    29    30    27     34    ---             
  Opn4x          29    33    29    28     26     27    29    29    28    30    28    28    32    31     34    59      ---     
  Opn5           25    24    26    20     25     26    30    26    25    26    26    24    25    28     29    33      29      ---

(a). Visual rod/cone opsins (Opn1, Opn2) {#s3a}
----------------------------------------

The well-characterized photoreceptors of the vertebrate eye are the rods and cones of the outer retina. These cells contain an opsin located in the lamellae of their outer segments which were named after the photoreceptor class in which they have been found, although they have now been given gene symbols, *Opn1* for cone opsins and *Opn2* for rod opsin. Bovine rod opsin was the first opsin to be cloned and sequenced ([@RSTB20090050C82]) and is still the only vertebrate opsin to have its crystal structure determined ([@RSTB20090050C87]). There are four classes of cone opsins, long-wave sensitive (LWS) with a *λ*~max~ between 500 and 620 nm; medium wave sensitive (MWS) *λ*~max~ of 480--520 nm; ultraviolet/violet sensitive (SWS1) *λ*~max~ 355--435 nm and short-wave sensitive (SWS2) *λ*~max~ 415--470 nm. The various cone classes show 40--50% amino acid identity to each other ([table 1](#RSTB20090050TB1){ref-type="table"}). The SWS2 and MWS opsins have been lost in the mammalian lineage ([@RSTB20090050C17]).

(b). RPE opsins (RGR, peropsin) {#s3b}
-------------------------------

Two opsin classes have been shown to be expressed in the retinal pigment epithelium (RPE), retinal G-protein-coupled receptor (RGR) and peropsin. RGR was originally identified from a bovine RPE library and although it contains the lysine required for chromophore attachment it has a histidine at the position of the potential counterion ([@RSTB20090050C49]). This sequence and its expression in the RPE and the Müller cells led to suggestions that it may function as an 11-*cis*-retinal transporter or an all-*trans* retinal photoisomerase ([@RSTB20090050C49]; [@RSTB20090050C91]). Although further studies showed that RGR will bind all-*trans*-retinal and generate 11-*cis*-retinal in the RPE ([@RSTB20090050C37]), more recent work by the same group has shown that the isomerized 11-*cis*-retinal does not readily dissociate from RGR, so it does not make a significant contribution to the pool of 11-*cis*-retinal ([@RSTB20090050C38]).

Peropsin, also called RPE-derived rhodopsin homologue, was isolated in 1997 ([@RSTB20090050C119]) and only shows approximately 27 per cent identity to the visual opsins. It is localized to the RPE and there is some evidence that it shares a common ancestor with RGR. This has led to the speculation that it may also function as a retinal isomerase ([@RSTB20090050C10]). Melanopsin has also been shown to be expressed in the RPE ([@RSTB20090050C93]), although whether this opsin forms a functional photopigment in the RPE remains unclear. Further work is required to clarify the role of these RPE opsins.

(c). Pineal opsins (pinopsin, parapinopsin, parietopsin, exo-rod) {#s3c}
-----------------------------------------------------------------

As discussed in §2*b*, the pineal complex is photosensitive in non-mammalian vertebrates and multiple opsins have been isolated from this part of the brain.

### (i). Pinopsin {#s3c1}

Pinopsin was the first extraretinal opsin to be cloned and was isolated from the pineal gland of the chicken ([@RSTB20090050C86]; [@RSTB20090050C68]). It showed 43--48% amino acid identity to the vertebrate visual opsins ([table 1](#RSTB20090050TB1){ref-type="table"}) and in chicken is expressed exclusively in the pineal. Several groups have reported the *in vitro* expression and reconstitution of pinopsin with 11-*cis*-retinal. All report the formation of a blue-sensitive pigment, but with slightly different *λ*~max~ values: approximately 470 nm ([@RSTB20090050C86]); approximately 462 nm ([@RSTB20090050C69]); and approximately 460 nm ([@RSTB20090050C81]). Pinopsin has also been identified from the Reptilia ([@RSTB20090050C51]) and Amphibia ([@RSTB20090050C134]). Pinopsin has been localized to the anterior preoptic nucleus of the hypothalamus in the toad ([@RSTB20090050C134]) and interestingly in both the retina and pineal of a diurnal gecko ([@RSTB20090050C121]). By contrast, a study on the Ruin lizards (*Podarcis sicula*) suggested that pinopsin was only expressed in the pineal complex ([@RSTB20090050C33]). Pinopsin orthologues have not, to date, been isolated from either fish or mammals.

### (ii). Parapinopsin {#s3c2}

Despite the lack of information about the structure and function of the teleost parapineal, a novel opsin photopigment---parapinopsin---has been isolated from this organ. Until recently there was only one reported sequence for parapinopsin isolated from the channel catfish (*Ictalurus punctatus*; [@RSTB20090050C15]). The sequence shows 40 per cent identity to other vertebrate opsins ([table 1](#RSTB20090050TB1){ref-type="table"}) and is expressed in a majority of parapinealocytes and a subset of pineal cells. However, a homologue of parapinopsin was isolated from the lamprey pineal complex and appears to form a bi-stable photopigment ([@RSTB20090050C59]). *In situ* hybridization showed that lamprey parapinopsin is expressed in the photoreceptor cells located in the dorsal region of the pineal and parapineal organs. The authors also demonstrated that lamprey parapinopsin photopigment has a *λ*~max~ at 370 nm and that UV light causes *cis*--*trans* isomerization of its retinal chromophore, forming a stable photoproduct with *λ*~max~ at 515 nm ([@RSTB20090050C59]). The authors of this paper also report the isolation of parapinopsin sequences from the rainbow trout and the clawed frog which exhibit 61 and 71 per cent amino acid identity, respectively, to the lamprey sequence ([@RSTB20090050C59]).

### (iii). Parietopsin {#s3c3}

Most recently, studies on another photoreceptive structure, the parietal eye of a lizard, have identified expression of two opsins within the same photoreceptor, a blue-sensitive pinopsin and a novel green-sensitive opsin named parietopsin ([@RSTB20090050C118]). These findings are consistent with the observation that the parietal eye photoreceptors have two antagonistic light signalling pathways, a hyperpolarizing pathway maximally sensitive to blue light and a depolarizing pathway maximally sensitive to green light ([@RSTB20090050C115]). Parietopsin showed the highest degree of amino acid identity (approx. 40%) to parapinopsin ([table 1](#RSTB20090050TB1){ref-type="table"}) ([@RSTB20090050C118]).

### (iv). Exo-rod opsin {#s3c4}

Vigh-Teichmann and colleagues first reported the presence of opsin immunoreactivity in the teleost pineal in the early 1980s (Vigh-Teichmann *et al*. [@RSTB20090050C125], [@RSTB20090050C126]). However, it was not until the independent isolation of a rod-like opsin from the pineal of the zebrafish ([@RSTB20090050C67]) and from the pufferfish and Atlantic salmon ([@RSTB20090050C96]) that the molecular identity of this opsin was elucidated. Exo-rod opsins are 74 per cent identical to the retinal rod opsin from the same species suggesting that they diverged early in the teleost lineage ([@RSTB20090050C96]). Their expression is restricted to the pineal gland and their exact function remains unknown.

(d). VA opsin {#s3d}
-------------

VA opsin was first described in the Atlantic salmon (*Salmo salar*) ([@RSTB20090050C116]) and was subsequently isolated from several other teleost fish: zebrafish (*Danio rerio*) ([@RSTB20090050C53]), the common carp (*Cyprinus carpio*) ([@RSTB20090050C76]), a smelt fish (*Plecoglossus altivelis*) ([@RSTB20090050C75]) and roach (*Rutilus rutilus*) ([@RSTB20090050C48]). VA opsins show 37--41% identity with the rod and cone opsins and approximately 43 per cent identity to other non-visual opsins such as pinopsin ([table 1](#RSTB20090050TB1){ref-type="table"}). Phylogenetic analysis suggests that the VA opsins diverged from a common ancestor before the other known opsin families ([@RSTB20090050C116]). Lamprey (*Petromyzon marinus*) pinopsin originally described by Yokoyama and Zhang ([@RSTB20090050C133]) is now considered to be a member of the VA family ([@RSTB20090050C76]; [@RSTB20090050C8]).

Functional studies demonstrated that salmon VA opsin can form a photopigment with a *λ*~max~ between 460 and 480 nm when expressed *in vitro* and reconstituted with 11-*cis*-retinal ([@RSTB20090050C117]). Significantly VA opsin was shown to be expressed in a subset of horizontal cells and retinal ganglion cells ([@RSTB20090050C117]). Subsequently VA opsin was shown to be expressed within the pineal organ and epithalamic/hypothalamic regions of the teleost brain ([@RSTB20090050C97]), sites strongly implicated as photoreceptive in fish. Similar findings were reported in the zebrafish ([@RSTB20090050C53]).

Two VA opsin isoforms were isolated in zebrafish, a long (VAL) and short (VAS) form, which vary in the length of their C-terminal tails (74 and seven amino acids, respectively). Both isoforms were functionally expressed in human embryonic kidney cells 293S but only VAL appeared capable of forming a photopigment when reconstituted with 11-*cis*-retinal ([@RSTB20090050C53]). Studies of several other teleosts, such as carp (*Cyprinus carpio*) ([@RSTB20090050C76]), smelt (*Plecoglossus altivelis*) ([@RSTB20090050C75]) and roach (*Rutilus rutilus*) ([@RSTB20090050C48]) have confirmed the existence of different isoforms of VA opsins. In all cases, the shorter isoforms appear to be generated by intron retention at a splice site. A comparison of the known teleost sequences indicates that they fall into two groups, one consisting of zebrafish, roach and carp, the other of smelt and salmon. This split might be explained by the identification of a second VA gene in zebrafish, named VAL-opsin B by the authors ([@RSTB20090050C54]) ([table 1](#RSTB20090050TB1){ref-type="table"}). The newly isolated gene clades with the smelt and salmon sequences. The functional significance of this gene duplication in the teleost genome remains unclear.

These results in teleost fish prompted the search for orthologues of VA opsin in other vertebrate classes, but until recently attempts have met with failure. This restricted taxonomic distribution of the VA opsins was puzzling as most other opsins classes span multiple vertebrate taxa. Recent and unpublished studies have led to the isolation of the full-length sequence of chicken VA. The gene contains an open reading frame of 972 base pairs and encodes a predicted protein of 323 amino acids. Further studies have also identified VA-like genes in the Amphibia (*Xenopus tropicalis*), Reptilia (*Anolis carolinensis*) and the Elasmobranchii (*Callorhinchus milii*), but have failed to find any VA homologues within the mammalian lineage (S. Halford & R. G. Foster 2008, unpublished data). This surprising finding raises important questions as to the possible function of this opsin within vertebrate taxa.

(e). Encephalopsin/panopsin (Opn3) {#s3e}
----------------------------------

*Opn3* was originally termed encephalopsin, and reported to be an extra-ocular opsin with strong expression in mouse brain and testis, with lower levels in the heart, liver and kidney ([@RSTB20090050C16]). However, a subsequent study demonstrated that *Opn3* was in fact expressed in the retina and in all tissues examined; hence the name 'panopsin' was proposed ([@RSTB20090050C35]). A more recent study on human *OPN3* confirms the wide tissue distribution and in multiple sites within the retina including the rods and cones, the outer plexiform, inner plexiform and ganglion cell layers of the retina ([@RSTB20090050C130]). A comparison of Opn3 with the visual opsins shows a low amino acid identity of approximately 30 per cent ([table 1](#RSTB20090050TB1){ref-type="table"}). Opn3 contains a lysine, at residue 299, which is required for Schiff base linkage. This residue is equivalent to position 296 in bovine rod opsin but the counterion, usually a glutamate at position 113, is replaced by an aspartate. This does not preclude the formation of a photopigment as an aspartate residue is also present in the UV photopigment of *Xenopus*. The function of Opn3/OPN3 is further complicated by considerable alternate splicing of the human *Opn3* gene ([@RSTB20090050C50]).

(f). TMT opsin {#s3f}
--------------

Isolated organs and cell lines from zebrafish have been shown to exhibit circadian oscillations in clock gene expression that can be entrained to light ([@RSTB20090050C131]). These data provide strong evidence for the existence of a photopigment within these cells. TMT opsin was isolated in 2003 as part of a study to identify the photopigment or pigments in these peripheral tissues ([@RSTB20090050C77]). The full-length sequence of TMT opsin was isolated from *Fugu* and encodes a predicted protein of 402 amino acids, containing all of the essential features of an opsin photopigment including a lysine residue at position 296. Interestingly the Schiff base counterion, usually a glutamate, is substituted by a tyrosine in both *Fugu* and zebrafish TMT. TMT opsin shows 33--39% identity when compared to other vertebrate opsins ([table 1](#RSTB20090050TB1){ref-type="table"}). The gene was given its name because it is expressed in the liver, kidney and heart as well as eye and brain, and to date, has only been isolated from teleost fish. Phylogenetic analysis reveals that it clades with Opn3 ([figure 3](#RSTB20090050F3){ref-type="fig"}), which also exhibits a multiple pattern of tissue expression. The function of this gene family remains completely unresolved.

(g). Melanopsin (Opn4) {#s3g}
----------------------

Melanopsin was originally isolated from the photosensitive melanophores of *Xenopus* ([@RSTB20090050C101]). Subsequently, orthologs of melanopsin were isolated from mammals and shown to be expressed in a subset of RGCs ([@RSTB20090050C102]). In mammals, light information reaches the master circadian pacemaker, the suprachiasmatic nuclei (SCN), through a dedicated monosynaptic pathway that originates in the retina and is called the RHT. The anatomy and distribution of these melanopsin expressing cells was very similar to the RGCs that form the RHT. Subsequent analysis showed that these RGCs, which only account for approximately 1 per cent of the total, are directly photosensitive (pRGCs) ([@RSTB20090050C42]). See below for further discussion. Mouse *Opn4* encodes a predicted protein of 521 amino acids and contains the lysine residue at position 337 necessary for Schiff base formation. Melanopsin has now been isolated from a range of species including zebrafish ([@RSTB20090050C9]) and the chicken ([@RSTB20090050C19]). In all cases the Opn4 opsins contain a tyrosine at the counterion position, like peropsin and TMT opsin, rather than a glutamate. The melanopsins show a relatively low level of identity with the photopigment opsins, approximately 27 per cent ([table 1](#RSTB20090050TB1){ref-type="table"}). Recently two melanopsin genes, *Opn4m* and *Opn4x*, have been described in non-mammalian vertebrates ([@RSTB20090050C11]). But to date only one form, *Opn4m*, has been isolated from the placental and marsupial mammals ([@RSTB20090050C98]). Preliminary *in silico* analysis also suggests that the monotreme the platypus lacks the *Opn4x* gene (S. Halford & R.G. Foster unpublished data).

(h). Neuropsin (Opn5) {#s3h}
---------------------

Neuropsin (*Opn5*) was identified in 2003 using a bioinformatic approach ([@RSTB20090050C122]). *Opn5* encodes a predicted protein of 377 amino acids in the mouse and 354 amino acids in human, with the mouse having a longer C-terminal tail. All of the expected features of an opsin are conserved, but Opn5 shows only 25--30% identity to the vertebrate members of the opsin superfamily ([table 1](#RSTB20090050TB1){ref-type="table"}). RT-PCR suggests that *Opn5* is expressed in mouse testis, brain and eye and in human retina and brain. Further work is necessary to establish both the type of retinal cells that express *Opn5/OPN5* and whether it can function as a photopigment.

4.. A novel retinal photoreceptor {#s4}
=================================

The identification of multiple photoreceptors, and the non-rod, non-cone opsin-based photopigments across the vertebrates were not predicted. Indeed, the assumption until the early 1990s was that some form of conventional rod- or cone-like opsin would mediate all forms of vertebrate photoreception, both visual and extraocular. But perhaps the least expected result to emerge has been the discovery of another class of photoreceptor within the eye, quite distinct from the rods and cones. Until recently it was inconceivable to most vision biologists that there could be an unrecognized class of photoreceptor within the vertebrate eye. After all, the eye was the best understood part of the central nervous system. One hundred and fifty years of research had explained how we see: photons are detected by the rods and cones and their graded potentials are assembled into an image by inner retinal neurons, followed by advanced visual processing in the brain. But image detection is very different from the demands of irradiance detection. Rods and cones are highly sensitive radiance detectors, which rapidly adapt and can only integrate signals of a short duration. By contrast, the circadian system is relatively insensitive to light, requiring high intensity and long duration stimuli to bring about photoentrainment. The appreciation that the mammalian eye has to perform two quite radically different sensory tasks triggered a line of enquiry that ultimately led to the discovery of a population of pRGC which use the photopigment melanopsin. The key findings that have led to this discovery are outlined next.

(a). Retinal mutant studies {#s4a}
---------------------------

Initial studies to determine which retinal photoreceptors mediate circadian photoentrainment took advantage of a naturally occurring mutation in mice, termed retinal degeneration (*rd/rd*). These animals lack rods, and show a greatly reduced number of cones. As might be expected, *rd/rd* mice fail to show any classical visual responses to light. Studies were then undertaken to determine whether the circadian system of *rd/rd* mice was similarly impaired. When a mouse is housed under a light--dark cycle, its circadian wheel running behaviour is entrained. As would be expected of a nocturnal species, mice are largely active during the dark and inactive in the light. Under conditions of constant darkness, entrainment is lost and circadian behaviour drifts or freeruns with a recurring period approximately 23.5 h, starting its activity cycle approximately 0.5 h earlier every day. If the mouse is then exposed to a pulse of light shortly after activity onset it will delay the onset of activity the following day. The magnitude of this phase delay (Δ*ϕ*) is intensity dependent and can be used to determine the sensitivity of circadian responses to light. Both the wavelength and intensity of the light pulse can be systematically varied and the effect of these treatments on delaying wheel running behaviour can be assessed in a dose-dependent manner to produce a series of irradiance response curves.

Initial studies on photoentrainment in *rd/rd* mice (C3H) and wild-type controls (C57) demonstrated that these mice could still entrain, although the threshold for entrainment in *rd/rd* animals was approximately 2 log units higher ([@RSTB20090050C24]). The difference in the genetic background in these animals (C3H versus C57) appears to account for this difference in sensitivity ([@RSTB20090050C27]). Remarkably, in mice of the same genetic background, the massive loss of classical photoreceptors in the *rd/rd* mutants had little or no effect on the ability of the mice to either entrain to a light--dark cycle or phase-shift circadian rhythms in wheel running behaviour ([@RSTB20090050C30]). Their irradiance response curves were indistinguishable from congenic wild-type controls, while eye loss completely blocked all effects of light on the clock ([@RSTB20090050C30]). These studies demonstrated that the processing of light for circadian and visual responses must be different and hinted at the fact that there may be another class of ocular photoreceptor. Such suggestions were met with considerable scepticism and the favoured explanation was that as approximately 5 per cent of the cones survive in the retina of *rd/rd* mice ([@RSTB20090050C18]), it is probable that only a small number of photoreceptors are necessary for photoentrainment. Action spectrum studies on the spectral sensitivity of phase-shifting responses in *rd/rd* mice were subsequently conducted, suggesting a maximum sensitivity at either 511 or 480 nm, but these studies again failed to exclude the possibility of a residual cone contribution to these responses ([@RSTB20090050C100]; [@RSTB20090050C135]). The development of a mouse model lacking all rods and cones, the *rd/rd cl*, finally resolved these issues, and demonstrated that both phase-shifting responses and pineal melatonin suppression in response to light were apparently normal even when rod or cone opsins were undetectable ([@RSTB20090050C32]; [@RSTB20090050C61]).

The results from *rd/rd cl* mice provided the conclusive evidence that an additional photoreceptor exists within the mammalian eye and the conceptual framework for a host of further studies, including the finding that non-rod, non-cone photoreceptors do more than regulate the circadian system. Two examples are listed here: (i) In mammals, light-induced pupil constriction is regulated by both rods and cones, but still occurs in animals showing profound damage to these photoreceptors. Not unreasonably, it was assumed that the residual pupil light response was owing to the survival of a few rod and/or cone photoreceptors. Pupil measurements were undertaken in *rd/rd cl* mice and showed that these animals maintained a pupillary light response. Although less sensitive than congenic wild-type animals, *rd/rd cl* mice retained the ability to fully constrict their pupils ([@RSTB20090050C62]). (ii) Nocturnal rodents will inhibit their general activity when exposed to light during the night. This response, called masking, is thought to complement circadian entrainment by ensuring that activity is restricted to the hours of darkness or near darkness. Masking may be particularly important in environments where day length changes rapidly, and circadian behaviour may have difficulty keeping up with the expanding photoperiod ([@RSTB20090050C78]). Masking experiments were undertaken in *rd/rd cl* mice and demonstrated that there is marked inhibition of activity upon exposure to light presented two hours after normal lights off ([@RSTB20090050C79]). Thus phase shifting, melatonin suppression, pupil constriction, masking and a number of other responses to light, such as sleep regulation ([@RSTB20090050C64]) are either intact or retained at some degree in mice lacking all their rods and cones.

The first action spectrum to be published on *rd/rd cl* mice was for pupil constriction, and the results described an opsin/vitamin A-based photopigment with a *λ*~max~ in the blue part of the spectrum near 480 nm (opsin photopigment/OP^480^). The known visual pigments of the mouse have *λ*~max~ values of 360, 508 and 498 nm for the ultraviolet-sensitive cone, long-wavelength sensitive cone and rod pigments, respectively. None of these classical photoreceptors could account for the pupillary responses to light ([@RSTB20090050C62]). Since 2001, a plethora of action spectra from mice to man have been deduced for a range of irradiance responses to light. These include the light responses of pRGCs in mice ([@RSTB20090050C43]), rats ([@RSTB20090050C13]) and primates ([@RSTB20090050C20]) spanning pupil constriction, phase shifting circadian rhythms, plasma melatonin suppression, together with irradiance dependent regulation of human retinal cone function ([@RSTB20090050C36]). All these action spectra point to the existence of a single novel opsin photopigment with a *λ*~max~ of around 480 nm. A single invariant spectral sensitivity for the pRGCs is in marked contrast to the cone pigments, which are highly divergent and appear spectrally tuned in a species-specific manner. It remains unclear what ecological advantage this wavelength might confer on such diverse species. One possibility is that the pRGCs are tuned to the dominant wavelength of light at twilight. When the sun is close to the horizon there is relative enrichment of 'blue' light in the dome of the sky because of the preferential scattering of short wavelengths of light passing obliquely through the atmosphere.

(b). Photosensitive retinal ganglion cells {#s4b}
------------------------------------------

The identification of the cells mediating non-rod, non-cone responses to light was provided by two sets of experiments. Studies on the rat used retrograde tracers injected into the SCN coupled with single cell recordings on isolated retina in which rod and cone responses were pharmacologically blocked ([@RSTB20090050C13]). Parallel studies were undertaken using calcium imaging on the *rd/rd cl* retina ([@RSTB20090050C108]). Both approaches identified a population of RGCs which responded directly to light. Significantly these pRGCs expressed the photopigment melanopsin ([@RSTB20090050C42]).

(c). Melanopsin knockout studies {#s4c}
--------------------------------

The essential data that melanopsin plays a critical role in the transduction of light information in pRGCs came from gene ablation studies. Melanopsin knockout mice (*Opn4^−/−^*) exhibited attenuated phase-shifting and pupillary responses to light, as well as reduced period lengthening in constant light (LL) ([@RSTB20090050C88]; [@RSTB20090050C106]; [@RSTB20090050C63]). However, the critical involvement of melanopsin in photoreception came from triple-knockout studies, lacking rods, cones and melanopsin. These animals were totally unresponsive to light, demonstrating that melanopsin is in some way essential for pRGC photosensitivity ([@RSTB20090050C43]), but precisely what function melanopsin was playing was only finally resolved by using functional expression studies.

(d). Melanopsin expression studies {#s4d}
----------------------------------

The first investigation of the biochemistry of melanopsin involved expression of melanopsin in COS cells and reconstitution with 11-*cis*-retinal, an approach which has been particularly successful with visual pigments. This study produced a functional photopigment that was capable of activating transducin with a *λ*~max~ between 420 and 440 nm, an absorption maxima considerably shifted away from OP^480^ ([@RSTB20090050C84]). The discrepancy in *λ*~max~ between spectroscopy and action spectra, coupled with low pigment yields, prompted other researchers to investigate whether expression of melanopsin alone was enough to confer photosensitivity. Quite independently, three groups combined the expression of melanopsin protein with physiological assays of cellular photosensitivity. All three studies showed that melanopsin transfection can confer photosensitivity to non-photosensitive cell types (Neuro-2a; HEK293-TRPC3; *Xenopus* oocyte) ([@RSTB20090050C72]; [@RSTB20090050C90]; [@RSTB20090050C103]). In addition, these groups were able to show that specific forms of retinal (especially 11-*cis*-retinal) are needed for these responses to light, that light will ultimately trigger the release of intracellular calcium, and that this may involve a G~q~-type G-protein rather than transducin. Furthermore, melanopsin acts as a bistable pigment able to regenerate (recycle) its chromophore (11-*cis*-retinal) using all-*trans*-retinal and long-wavelength light in a manner reminiscent of the invertebrate photopigments ([@RSTB20090050C72]). In this regard melanopsin may be unique among mammalian photopigments in forming a stable association with all-*trans*-retinal.

Expression studies on human melanopsin suggest that the *λ*~max~ of light responses is close to 420--430 nm, and in this regard the findings were similar to those obtained by Newman and colleagues ([@RSTB20090050C72]). The studies on murine melanopsin, however, showed an action spectrum for light responses that exhibited a *λ*~max~ very close to 480 nm ([@RSTB20090050C103]). The current consensus from the various groups is that something about the local environment in which melanopsin is reconstituted is important in determining its *λ*~max~.

(e). Melanopsin phototransduction {#s4e}
---------------------------------

Most recently, research has turned to the phototransduction cascade used by melanopsin. Rod and cone opsins mediate a phototransduction cascade that involves the activation of transducin (a member of the G~i~/G~0~ class of G-proteins), phosphodiesterase and closure of cyclic nucleotide gated channels and a hyperpolarizing membrane potential. By contrast, invertebrate phototransduction, most extensively characterized in *Drosophila*, involves activation of a G~q~/G~11~-type G-protein, activation of phospholipase C (PLC), gating of transient receptor potential (TRP) channels and the depolarization of membrane potential ([@RSTB20090050C39]). Interestingly, the melanopsins appear to share some of the key characteristics of an invertebrate-like signal transduction pathway. Both pRGCs and cells transfected with melanopsin show depolarizing responses to light and, as discussed in §4*d*, melanopsin displays chromophore bistability, another feature of the invertebrate photopigments. Largely by analogy, it was proposed that melanopsin could be coupled to a G-protein of the G~q~/G~11~ class (for review see [@RSTB20090050C92]). While not conclusive, there is support for this from the expression studies. For example, melanopsin responses are greatly attenuated (although not blocked) by antibodies against G~q~/G~11~ G-proteins (but not by antibodies to G~i~/G~0~) ([@RSTB20090050C89]). In Neuro-2a cells, the use of G~i~/G~0~ blockers fails to inhibit melanopsin-dependent light responses ([@RSTB20090050C72]), while G~q~/G~11~ agonists fully blocked the melanopsin-dependent light responses in HEK293-TRPC3 cells ([@RSTB20090050C103]). Collectively these initial results suggest that the G~q~/G~11~ G-proteins could be activated by melanopsin-dependent phototransduction. It is important to stress, however, that the coupling potential in non-native host environments might not reflect the native pRGCs. Downstream of the G-protein, melanopsin-dependent light responses are greatly attenuated or blocked in *Xenopus* oocytes and HEK293-TRPC3 cells by PLC inhibitors ([@RSTB20090050C90]; [@RSTB20090050C103]). Furthermore, co-expression of melanopsin with TRPC3 in *Xenopus* oocytes (similar to the *Drosophila* TRP channels) shows that TRPC3 channels can generate a light-activated photocurrent in the presence of melanopsin ([@RSTB20090050C90]; [@RSTB20090050C103]). Collectively, a partial model of the phototransduction cascade has emerged, suggesting that light activated melanopsin may interact with G~q~/G~11~ that in turn activates a PLC-β. PLC-β generates inositol triphosphate (IP~3~) and diacylglycerol (DAG), which may ultimately modulate a TRPC channel, possibly via a protein kinase C (PKC). Most recently combined pharmacolgical and anatomical approaches have suggested TRPC7 as the channel ([@RSTB20090050C110]). In addition, a microarray-based approach has been used to investigate the transcriptional realignment that occurs in the *rd/rd cl* mouse eye following a light pulse. This approach identified a number of candidate genes/proteins that might be associated with the melanopsin cascade. Among these was the atypical protein kinase C zeta (*Prkcz*). Remarkably the genetic ablation of *Prkcz* mimics precisely the melanopsin knock-out phenotype in a battery of behavioural and pupillometric tests ([@RSTB20090050C94]). Why an 'invertebrate-like' signalling pathway, rather than a more conventional vertebrate phototransduction pathway, is employed by the pRGCs remains an intriguing sensory question and may be relevant to understanding the evolutionary origins of the melanopsin/pRGCs photoreceptor system ([@RSTB20090050C3]).

5.. Evolutionary considerations of non-image-forming photoreception {#s5}
===================================================================

Given the multiplicity of photoreceptive tissues in the non-mammalian vertebrates, why have these been lost in the mammalian lineage? One possible explanation may be related to the early evolutionary history of the mammals and their passage through a 'nocturnal bottleneck'. Modern mammals seem to have been derived from nocturnal insectivorous or omnivorous animals about 100 million years ago ([@RSTB20090050C136]). Pineal and deep-brain photoreceptors would have been perfectly adequate for monitoring changes in diurnal light conditions but may not have been sufficiently sensitive to discriminate twilight changes in mammals living in burrows or otherwise concealed during the day. The occupation of the nocturnal realm may have led to the loss of the extraocular photoreceptors and the exclusive reliance on irradiance detection by the pRGCs ([@RSTB20090050C28]; [@RSTB20090050C74]). But of course this explanation does not explain why the vertebrates evolved so many photosensitive tissues in the first place. In this context it is worth emphasizing that the sensory task of reliable irradiance detection is not trivial, and extracting time-of-day information from environmental irradiance is even more complex. For example, during twilight, the quality of light changes in three important respects: (i) the amount of light; (ii) the spectral composition of light; (iii) and the source of light (i.e. the position of the sun). These parameters all change in a systematic way and could be used by the circadian system to detect the phase of twilight and hence time of day ([@RSTB20090050C105]). However, each of these parameters is subject to considerable sensory 'noise'. The sources of this noise are summarized in [table 2](#RSTB20090050TB2){ref-type="table"}. Clearly, the impact of this noise will depend upon the organism and the environment it inhabits. Integrating the information from a multiplicity of photoreceptors, which collect light from different regions of the environment, with differing integration times, and tuned to different spectral channels will act to reduce signal noise and hence provide a more reliable measure of environmental irradiance. The non-mammalian vertebrates might integrate light information from the pineal, deep brain and eyes for reliable time-of-day detection, and there is good evidence for this in birds ([@RSTB20090050C73]). In mammals, twilight detection is either less precise, because of the reliance on a single photoreceptor type, or the pRGCs themselves show heterogeneity in their responses to light, for which there is also good evidence ([@RSTB20090050C109]).

###### 

The major sources of noise associated with the detection of environmental irradiance. The main sources of signal noise for irradiance detection are listed with examples. In each case the impact of this noise will depend upon the organism, its developmental state and the environment that it inhabits. Integrating the information from multiple photoreceptors, which collect light from different regions of the environment, having differing integration times, and tuned to different spectral channels will act to reduce signal noise.

  source of signal noise            examples
  --------------------------------- ----------------------------------------------------
  fluctuation in the light signal   cloud cover, day-length
  extraneous light signals          starlight, moonlight, lightning
  receptor noise                    variation in external temperature
  sensory adaptation                receptor habituation
  behavioural noise                 emergence from burrow, place of rest, feeding etc.

Opsins in general have evolved to mediate specific photoreceptive tasks in different light environments ([@RSTB20090050C65]). For example, in environments where the spectral composition of the light is restricted, such as in deep water, the *λ*~max~ of photopigments is spectrally tuned to match the maximum available photon flux around 480 nm ([@RSTB20090050C23]; [@RSTB20090050C45]; [@RSTB20090050C46]). Whether similar spectral tuning arguments can be used to understand the *λ*~max~ of the non-image-forming photopigments remains an intriguing question. Many photoreceptors involved in non-image-forming tasks appear to peak close to 480 nm, with a spread ranging from 460 to 530 nm ([@RSTB20090050C112]). In pineal and deep-brain photoreceptors the light available will be dominated by the transmission of the overlying tissues. This is primarily influenced by two factors. Firstly, short wavelength light is scattered more than longer wavelength light, resulting in relatively more light of long wavelengths penetrating to reach intracranial photoreceptors. Secondly, light will be modified by light-absorbing pigments before reaching these photoreceptors. The most important such pigment is haemoglobin. Haemoglobin has a transmission window between 460 and 540 nm, peaking around 490 nm ([@RSTB20090050C41]; [@RSTB20090050C26]). This transmission window may have exerted a strong selection pressure on the spectral tuning of deep brain and pineal photoreceptors. But this cannot be the entire explanation as many non-image-forming photoreceptors are directly exposed to environmental light, such as the pRGCs in the eye or dermal photoreceptors, and these have *λ*~max~ around 480 nm.

Changes in the amount and spectral composition of environmental irradiance occur throughout the diurnal cycle. As well as the obvious gross changes in irradiance at twilight (approx. 6 log units), changes in the spectral composition of light also occur and are known as the Chappuis effect ([@RSTB20090050C65]). As the sun\'s rays must pass through a thicker layer of the atmosphere when the sun is lower in the sky, the absorption of light by ozone (500--650 nm) results in a relative enrichment of shorter wavelength light (\<500 nm) at twilight ([@RSTB20090050C80]). As changes in the light environment at twilight are critical for photoentrainment ([@RSTB20090050C105]), 'twilight detectors' spectrally tuned to the blue part of the spectrum could allow increased photon capture and hence an increase in signal-to-noise detection. Perhaps, however, it is not simply the amount of light that is being detected at twilight but rather its change in spectral quality. Evidence for spectral discrimination, a chromatic response, was first shown in the pineal organ of fish ([@RSTB20090050C71]) and more recently in the parietal eye of lizards ([@RSTB20090050C118]). These chromatic responses could arise from an interaction between different photopigments with differing *λ*~max~ or a single bistable photopigment. Significantly, melanopsin appears to act as a bi-stable pigment, able to regenerate its chromophore using all-*trans*-retinal and long-wavelength light ([@RSTB20090050C72]). This photoreversal capacity of melanopsin has also been observed with spectroscopic approaches in the case of *Amphioxus* melanopsin ([@RSTB20090050C59]). If the two stable states of melanopsin are capable of interacting with different downstream signalling transduction pathways, this may provide an alternative means of attaining spectral discrimination.

The spectral tuning of vertebrate opsins will also be influenced by their evolutionary history ([@RSTB20090050C34]). For example, key amino acid residues influencing spectral tuning sites may provide structural or functional properties, such that any mutation of these residues will be deleterious to protein function. Additionally, there will be trade-offs between structure and function that will influence spectral tuning. Scotopic vision is limited by dark noise produced by spontaneous thermal isomerizations of the retinal chromophore ([@RSTB20090050C6]). Long wavelength sensitive photopigments have been suggested to be more prone to dark noise owing to their lower excitation energy ([@RSTB20090050C5]). Thus the spectral tuning of the non-visual opsins, like the visual opsins, will always be a compromise between functional constraints and the photon flux of the light environment ([@RSTB20090050C66]; [@RSTB20090050C34]; [@RSTB20090050C6]).

6.. Conclusions {#s6}
===============

Considerable progress has been made in the last decade in characterizing the photoreceptors and photopigments mediating non-image-forming responses to light, such as photoentrainment. While over a dozen different opsin photopigments have been identified in recent years ([table 1](#RSTB20090050TB1){ref-type="table"}), we are only just beginning to understand what roles these proteins play in the signalling of light information. Perhaps the greatest single advance has been the identification of a third photoreceptive system in the vertebrate eye, the melanopsin-expressing pRGCs, which mediate a range of irradiance detection tasks ranging from photoentrainment, pineal melatonin suppression, pupil constriction and the modulation of arousal states and sleep induction ([@RSTB20090050C1]; [@RSTB20090050C64]). By contrast, the photopigments responsible for non-image-forming responses to light in many non-mammalian species remain poorly characterized. Molecular studies are required to determine whether these opsins can form photopigments or whether they act as photoisomerases or retinal carrier proteins ([@RSTB20090050C25]). However a functional analysis of these opsins requires more than biochemistry. If we are to place these remarkable photoreceptors into any sort of evolutionary context we will need a much better understanding of their sensory ecology. We now appreciate that these photoreceptors do more than act as simple photon counters---but beyond this---any detailed understanding is lacking.

One contribution of 13 to a Theme Issue ['The evolution of phototransduction and eyes'](http://rstb.royalsocietypublishing.org/content/364/1531.toc).
